Economically devastating outbreaks and epidemics of Fusarium head blight (FHB) or scab of wheat and barley have occurred worldwide over the past two decades. Although the primary etiological agent of FHB was thought to comprise a single panmictic species, Fusarium graminearum, a series of studies we conducted over the past decade, employing genealogical concordance/discordance phylogenetic species recognition (GCPSR) ) , revealed that this morphospecies comprises at least phylogenetically distinct species (referred to hereafter as the F. graminearum species complex FGSC). Results of a multilocus molecular phylogeny, based on maximum parsimony and maximum likelihood analyses of combined genes comprising . kb of aligned DNA sequence data, suggest that the different species groups within the FGSC radiated in Asia, North America, South America, Australia and/or Africa. The significant biogeographic structure of these lineages, together with evidence of disjunct species in Asia and North America, are consistent with widespread allopatric speciation within the FGSC. In contrast to the results obtained using GCPSR, morphological species recognition using conidial characters and colony morphology was only able to distinguish species and species groups among the species within the FGSC, highlighting the need for sensitive molecular diagnostic tools to facilitate species identifi cation. A validated multilocus genotyping assay was developed to address the need for species determination and trichothecene toxin chemotype prediction, and this assay has been extraordinarily useful in the discovery of novel FGSC species represented in our global FHB surveys. Ongoing molecular and phenotypic analyses are being conducted to elucidate the full spectrum of FHB pathogen diversity, their trichothecene toxin potential and biogeographic distribution. Increased understanding of the distribution and agricultural significance of variation within the FGSC is needed for the development of novel disease and mycotoxin control strategies, including improvements in agricultural biosecurity designed to limit the introduction and spread of non-indigenous FHB pathogens.
Introduction
Outbreaks of scab or Fusarium head blight (FHB) of cereals over the past two decades have caused significant losses of wheat and barley worldwide ) . These pathogens frequently contaminate grain with trichothecene mycotoxins, such as deoxynivalenol or nivalenol, and estrogenic compounds. Outbreaks and epidemics of FHB can be economically devastating because heavily toxin-contaminated grain is unsuitable for food or feed ) . A series of comparative morphological and molecular phylogenetic studies we conducted over the past decade, employing genealogical concordance/discordance phylogenetic species recognition (GCPSR) ) , demonstrated that the morphospecies F. graminearum Schwabe comprises at least phylogenetically distinct species -) . These species form a genealogically exclusive clade that we designated the F.
graminearum species complex (FGSC) . In this paper, we review recent detailed taxonomic and phylogenetic analyses on the FGSC.
Taxonomic recognition of Fusarium graminearum sensu lato based on morphology
Fusarium taxonomy has a long complicated history due to different taxonomic systems and species concepts ) . The genus Fusarium was established by Link in and was subsequently sanctioned by Fries ) .
The type species was originally designated Fusarium roseum Link, however, this name is ambiguous nomenclaturally because the specimens that Link left under this name comprise three different species: F. sambucinum Fuckel, F. graminearum, and F. graminum Corda , ) . In Gray designated one of the three specimens that is equivalent to F. sambucinum as the holotype of F. roseum. Based on the fact, F. sambucinum is designated as the type species by conserving it over F. roseum nomenclaturally , )
. 
Phylogenetic and morphological species recognition within the Fusarium graminearum species complex
Using an extensive collection of isolates from six continents -, , ) , species limits within the putatively panmictic FHB species F. graminearum were evaluated using GCPSR ) . Phylogenetic analyses were conducted on DNA sequences from portions of genes totaling . kb (Table ) . Intensive comparative morphological analyses were also conducted on a large global collection of the FGSC. These analyses included detailed comparisons of conidial morphology, sizes (length and width), widest position, conidial curvature and presence or absence of a narrow apical beak when isolates were cultured on synthetic nutrient-poor agar (SNA), together with growth rate and colony morphology on potato dextrose agar (PDA) , ) . Based on morphological species recognition (MSR), only species and species groups were resolved within the FGSC (Table ) , reflecting their morphological simplicity and overlapping conidial characters (Figs. , ) . The groups of morphological species were represented by two groups each comprising two species and one group comprising six phylogenetic species. This discovery is important because it revealed that morphological/phenotypic characters cannot be used to distinguish two-thirds of the species within FGSC , , )
.
Description of novel species within the FGSC and their host range and geographic distribution
In addition to Fusarium graminearum, fourteen novel species within the FGSC have been formally described ( Table ) , and one additional species was informally recognized, based on genealogical exclusivity ( Fig. ) and conidial morphology on SNA ( Of the three species that comprise a putative Asian clade, F. asiaticum O Donnell et al. has been found to be the most important FHB pathogen in East Asian countries, i.e. Japan, Korea and China associated with rice production. While it has been established that the ranges of F. graminearum and F. asiaticum overlap on the Japanese islands of Hokkaido, Honshu and Shikoku, these two species form a latitudinal cline in which the former species predominates in the North whereas the latter species is found exclusively on the southern island of Kyushu (Table ) . We hypothesize that the latter four FGSC species were introduced into the U.S.
inadvertently in association with agriculturally and horticulturally important plants. . .
Although phylogenetic analysis of the individual and the combined gene data set robustly supports the recognition of phylogenetically distinct species under GCPSR, phylogenies inferred from eight trichothecene cluster genes did not track with species phylogeny , , ) . Discordance between the trichothecene gene trees and the species phylogeny appears to be due to: ( ) nonphylogenetic sorting of ancestral polymorphism into descendant species (i.e., transspecies polymorphism), and ( ) maintenance of trans-specific polymorphism by a novel form of balancing selection acting on chemotype differences within the trichothecene mycotoxin gene cluster , )
. It is worth noting that phylogenetic relationships and species limits within each of the three trichothecene chemotype clades, i.e., the NIV, ADON, or ADON, are largely consistent with the species phylogeny . Because genes within the trichothecene toxin gene cluster are evolving under strong balancing selection, they cannot be used to infer evolutionary relationships among and species limits within the B clade of Fusarium. This fi nding adds to a growing number of studies that have reported discordance between gene trees and species trees within Fusarium. Other examples of phylogenetically discordant genealogies include TRI and TRI within the F. sambucinum species complex )
, highly divergent intragenomic ITS rDNA types within the Gibberella fujikuroi species complex and related fusaria ) , divergent aminoadipate reductase (lys ) paralogs or xenologs within the F. oxysporum and F. solani species complexes ) , and discordant sterol C-reductase (erg ) gene genealogies within the F. solani species complex ) . Taken together, these fi ndings illustrate the importance of multilocus GCPSR-based studies in inferring robust species phylogenies.
Conclusion
Our GCPSR-based analyses of the F. graminearum species complex (FGSC) over the past decade support the recognition of at least of phylogenetically distinct species. However, morphological species recognition (MSR) based on conidial characters together with growth rate and colony morphology only resolved species and species groups within the FGSC. The latter fi nding is important because it alerts end users that MSR cannot be used to accurately identify most of the species within the FGSC. The morphological simplicity and overlapping conidial characters is consistent with diversifi cation time estimates that suggest the FGSC s evolutionary origin and radiation occurred relatively recently in the late Pliocene and Pleistocene over the past . million years )
. Phylogenetic analyses also revealed that the evolutionary history of most of the trichothecene biosynthesis genes was discordant with the species phylogeny. We attribute this discordance to genes on either end of the cluster evolving under strong balancing selection, as refl ected in the maintenance of trans-specific polymorphism that predates the evolutionary diversification of the B clade.
Thus, not all genes within the FGSC and their closely related heterothallic ancestors track with the species phylogeny.
Our current understandings of the global distribution of FHB pathogens and their toxin potential, including evidence for species clines in Asia and North America, have been significantly advanced by a validated multilocus genotyping (MLGT) assay for species determination and toxin chemotype prediction ) .
The putative species clines and significant biogeographic structure within the FGSC are consistent with widespread allopatric speciation. Because global trade in plants and plant products could easily result in the accidental geographic transposition of FHB pathogens into non-indigenous areas, ongoing molecular surveillance is essential to support agricultural biosecurity by obtaining a detailed, up-to-date picture of FHB species distributions and their toxin potential worldwide.
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